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Abstract
We examine the role of shape of dynamical heterogeneities on the validity of the Stokes-Einstein
(SE) and Stokes-Einstein-Debye (SED) relations in quasi-two-dimensional suspensions of colloidal
ellipsoids. For ellipsoids with repulsive interactions, although the orientational relaxation time
remains coupled to the structural one, the SED relation by the Einstein formalism shows a break-
down. Strikingly, we find that it is the change in the shape of the dynamical heterogeneities from
string-like to compact and not just their presence that results in the breakdown of both the SE
and SED relations. On introducing a short-range depletion attraction between the ellipsoids, as-
sociated with the lack of morphological evolution of dynamical heterogeneities, the SE and SED
relations remain valid even for deep supercooling. Our observations are consistent with numerical
predictions.
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While it is not possible to distinguish conventional liquids from supercooled ones using
static structural measures, a dynamical signature unique to the latter is the presence of
spatial and temporal heterogeneities [1–5]. Regions of predominantly fast particles that
contribute primarily to diffusivity, D, are spatially decoupled from the slow regions that
govern the bulk viscosity η or equivalently the structural relaxation time τα [4, 5]. A conse-
quence of dynamical heterogeneities (DH) is the Stokes-Einstein (SE) relation, DT = kBT
6piηa
,
[6] and/or the Stokes-Einstein-Debye (SED) relation, Dθ = kBT
8piηa3
, [7] that are hallmarks
of simple liquids, breakdown [4, 5, 8]. Here, the superscripts T, θ denote translational and
rotational degrees of freedom (DOF), respectively, a is the particle radius and kBT is the
thermal energy. Numerous studies have explored the connections between the extent of
SE/SED breakdown and the standard quantifiers of DH, namely, the stretching exponent
β, the non-Gaussian parameter, α2(t) and the dynamic susceptibility χ4 [4, 9–11]. It has
also been shown recently that the extent of SE breakdown depends on the dimensionality of
the space inhabited by the liquid - with the breakdown occurring at all temperatures, and
is the strongest, in two-dimensions (2D) and becoming progressively weaker with increasing
dimensionality [11, 12]. A key question, however, has remained unanswered. Do morphologi-
cal changes in DH influence the breakdown of SE and/or SED relations? [13]. This question
becomes all the more relevant in the context of the random first-order transition (RFOT)
theory, a prominent thermodynamic theory of the glass transition, which predicts a change
in the morphology of DH from string-like to compact on approaching the glass transition
[14, 15]. In fact, recent simulations have suggested that although DH emerges at the onset
temperature of slow dynamics To, the violation of the SE relation starts at the dynamical
crossover temperature Ts < To, where the shape of DH also undergoes marked changes [13].
Furthermore, recent colloid experiments have shown that DH go from string-like to com-
pact on turning on attractive interactions [16], albeit its influence on the breakdown of SE
relation has not been explored. In fact, at present it is even unclear whether DH in the
rotational DOF also shows morphological changes on approaching the glass transition, let
alone its influence on the validity of the SED relation.
Before addressing the above questions, it is imperative to first highlight the lack of con-
sensus between the two complementary approaches used to investigate the validity of SED
relation in supercooled liquids. Numerical studies, where Dθ is directly extracted from parti-
cle trajectories - the ‘Einstein Method’, find that the SED relation breaks down to the same
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extent as SE [17]. On the contrary, studies which have access to the nth-order orientational
relaxation time τn, only n = 2 can be accessed in molecular experiments, invoke the ‘Debye
Model’, Dθ ∝ 1
τn
, and find the SED relation to be valid even for deep supercooling [2, 18].
In supercooled liquids, the orientational correlators decay as stretched-exponentials leading
to the failure of the Debye Model. Simulations on hard dumbbells find that 1
τ2
, nevertheless,
continues to scale linearly with τα, albeit D
θ extracted from the Einstein method shows a
breakdown [19]. Recent colloid experiments that probed the dynamics of anisotropic tracers
in a bath of smaller hard spheres, however find that the SED relation remains valid even
close to glass transition irrespective of the method used [20]. It is well-known that the
breakdown of the SED/SE relation depends on the size, shape and roughness of the tracers
with respect to the host [9, 21]. It would be therefore be worthwhile to investigate the SED
and SE relation in an experimental model system where particle self-diffusivities, as opposed
to tracer diffusivities, can be directly accessed.
Suspensions of micrometer-sized colloidal ellipsoids are an ideal test bed to probe trans-
lational and rotational dynamics in real-space and with single-particle resolution. In this
Letter, we use previously acquired microscopy data [22] to investigate the breakdown of the
SE and SED relations in quasi-two-dimensional suspensions of colloidal ellipsoids, aspect
ratio α = 2.1, with repulsive as well as attractive interactions. We show that consistent
with RFOT theory, DH for both orientational and translational degrees of freedom become
increasingly compact on approaching the glass transition. We find that the Debye Model
fails irrespective of the nature of the inter-particle interactions. However, 1
τn
couples with
τα for the repulsive case and decouples with it for the attractive case due to the onset of
pseudonematic domains. Most importantly, we forge a direct link between the morphological
evolution of DH and the breakdown of both the SED and SE relations.
The experimental details are as described in [22, 23] and we will not dwell on it here. First,
we examined the validity of the SED relation, using the two approaches described earlier,
for ellipsoids with purely repulsive interactions. To ascertain if the ‘Debye Model’ can be
used to estimate Dθ, we computed the nth-order orientational correlation function, Ln(t) ≡
1
N
〈
∑N
k=1 cosn(∆θk(t))〉 [22, 24], for n = 2..5, and for all area fractions, φ, investigated. Here,
∆θ is the angular displacement of the kth ellipsoid, t is the lag time and 〈...〉 represents the
time averaging. As seen in earlier experiments on colloidal ellpsoids (α = 6, 9) [24], even
for φ = 0.28, the long-time decay of Ln(t) = exp[−(t/τn)
β] was found to be a stretched-
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exponential (β < 1) (Fig. 1a). On approaching the glass transition area fraction φθg = 0.80,
and in concord with findings from experiments and simulations [9, 10, 19, 22, 24, 25], β
was found to decrease (Fig. 1a). This clearly signals a growing departure from the simple
Debye type relaxation dynamics and is consistent with earlier observations of the increase
in the size of DH in the rotational DOF on approaching φg [22]. The presence of DH is
also reflected in the non-Gaussian nature of particle displacements evaluated over the cage
rearrangement time t∗ (Fig. 1b).
Next, following the Einstein Method, we directly evaluated Dθ from the long-time dif-
fusive region of the mean-squared angular displacements, 〈∆θ2(t)〉 = 2Dθt (see the Supple-
mental Material [23]). We were unable to calculate Dθ for φ > 0.76, since 〈∆θ2(t)〉 does
not reach the diffusive limit. Figure 1c shows 1
τn
, for n = 2..5, and Dθ plotted against τα.
τα at various φ’s was obtained from the decay of the self-intermediate scattering function,
Fs(q, t) ≡
1
N
〈
∑N
k=1 exp[iq ·∆rk(t)]〉 to
1
e
. Here the wavevector q is chosen to correspond to
the first peak of the pair-correlation function since for this particular choice, τα is known to
precisely map changes in η [26]. Owing to the failure of the Debye Model even at low φ’s,
1
n2τn
and Dθ do not collapse although they scale similarly with τα for φ ≤ 0.68. At low φ’s,
Dθ and 1
n2τn
are found to scale as τα
−ξ, with ξ > 1 (Fig. 1c). Although, physical insights
into these observations is lacking, our findings are consistent with simulation results [11, 27].
Most strikingly, while Dθ shows clear signatures of a decoupling with τα for φ > 0.68,
1
n2τn
for all n show complete collapse and stay coupled to τα (Fig. 1c). These results are in
agreement with recent simulations on hard dumbbells [19]. Further, analogous to τα, τn
is also dominated by the dynamics of slow particles. Since for α = 2.1 investigated here,
rotational and translational DH are not spatially decoupled, 1
τn
should stay coupled to τα.
We next set out to determine if there were any morphological changes in the DH and to
explore its connection to the breakdown of the SED relation. To identify DH, we picked the
top 10% orientationally most-mobile particles over t∗ and clustered them using a protocol
followed earlier [22, 24]. These clusters for φ = 0.76 and φ = 0.79 are shown in Fig.1d
and e, respectively. We quantified the shapes of these clusters by finding the most prob-
able number of orientationally fast nearest-neighbours for an orientationally fast particle,
P (NN θ) [15, 16]. A narrow P (NN θ) that is peaked at 2 implies string-like DH, while a
broader distribution with a maximum beyond 2 signals the presence of more compact DH.
Since small clusters will bias P (NN θ), we only consider cluster sizes N θ ≥ 4 to quantify
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their morphology. Consistent with the predictions of the RFOT theory [14, 15], we find
that DH for the orientational DOF become more compact with supercooling (Fig. 1 d-f).
Remarkably, the morphological change in DH from string-like to compact also coincides with
the φ beyond which Dθ shows signatures of a breakdown of the SED relation (Fig. 1c and
f).
Motivated by the above observations, the obvious next step was to examine if changes
in the shape of DH in the translational DOF correlate well with the breakdown of the SE
relation. Albeit the SE relation has been a subject of a large number of investigations [4, 5, 8],
it is only recently that simulations have associated the breakdown of the SE relation with the
morphological changes of DH [13]. Figure 3a shows the variation of DT with τα for ellipsoids
with purely repulsive interactions. Analogous to Dθ, DT was extracted from long-time slope
of the mean squared displacements, 〈∆r2(t)〉 = 4DT t (see the Supplemental Material [23]).
For φ ≤ 0.68, DT ∝ τα
−ξ and again ξ > 1 (Fig. 2a). For φ > 0.68, however, the SE
relation breaks down, and analogous to simulations [11, 17, 19], we observed a fractional
SE relation DT ∝ τα
−ξ with ξ ≈ 0.7 (Fig. 2a). Following our earlier line of analysis, we
identified the most-probable number of translationally fast nearest-neighbours P (NNT ) for
a translationally fast particle. Strikingly, across φ = 0.68, the DH become more compact
and P (NNT ) becomes progressively broader with φ (Fig. 2b, c and d). This allows us to
identify φ = 0.68 with the dynamical crossover area fraction φTs . These observations are
not only in agreement with recent theoretical [14] and numerical predictions [13] but also
bolsters our claim that the breakdown of SE and SED relation necessitates a change in the
shape of the DH from string-like to compact.
To further our cause, it would suffice to show that in the absence of changes in the
shape of DH both SE and SED relations remain valid. In order to achieve this, we take
recourse to findings from molecular dynamics simulation on attractive hard sphere glasses
where a reentrant behaviour in the validity of the SE relation was observed [28]. While
the SE relation breaks down for the repulsive as well as the strong attraction case, the
dynamics was found to be faster at intermediate attraction strengths with the SE relation
remaining valid even for the deep supercooling [28]. This study, however, did not probe
the connection between the validity of SE relation and the nature of DH. In the context of
ellipsoids, the introduction of small depletant molecules results in an anisotropic attraction
that favors the lateral alignment of ellipsoids as opposed to tip-to-tip ones [22]. Although
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MCT for hard ellipsoids predicts a single glass transition for both the rotational and trans-
lational DOF for α < 2.5 [29], recent experiments have observed that depletion attraction
enhances pseudonematic ordering at intermediate attraction strengths [22]. Consequently,
the orientational glass transition was found to precede the translational one and reentrant
glass dynamics was observed only in the translational DOF (see the Supplemental Material
[23]. The dynamics for this system was observed to be fastest for an intermediate attraction
strength of ∆U
KBT
= −1.16, and allowed access to DT , Dθ and τn close to the glass transition.
Moreover, the decay of Fs(q, t) was found to be logarithmic close to φ
T
g and is indicative of its
vicinity to the A3 singularity (see the Supplemental Material [23]). β was once again found
to decrease on approaching φTg . In contrast to the repulsive case, the growth of pseudone-
matic domains with φ hinders the relaxation of lower order orientational correlators to a
greater degree than the higher order ones. Thus, while 1
n2τn
collapses at low φ for all n,
they show marked deviations on approaching φθg (Fig 3a). Also, a recent study on the same
system has observed that orientational and translational DH are spatially decoupled at this
interaction strength [30] and we expect 1
τn
to progressively decouple from τα as well. This is
indeed the case here with the decoupling of lower order orientational correlators being more
pronounced (Fig 3a). The SED relation by the Einstein method remains valid even close
φθg with D
θ ∝ τα
−ξE with ξE > 1 (dashed line in figure 3a). Most remarkably, consistent
with the observed validity of the SED relation, P (NN θ) does not evolve with φ either (Fig.
3b). Further, we found that the SE relation remains valid even for deep supercooling with
DT ∝ τα
−ξ with ξ = 1 (Fig. 3c). Lending further strength to our findings P (NNT ) does
not show any appreciable change with increasing φ (Fig. 3d).
In conclusion, our study has helped establish a causal link between the morphological evo-
lution of DH and breakdown of the SE and SED relations. Our findings show unambiguously
that, albeit DH are present at φ < φθ,Ts ∼ 0.68 in both the translational and orientational
DOF, it is their change in the shape from string-like to compact that coincides with the
breakdown of SE and SED relations. These results are in agreement with recent simula-
tions [13]. Consistent with predictions of RFOT theory [14], DH become more compact
on approaching the glass transition. While for ellipsoids with purely repulsive interactions,
DT and Dθ decouple with τα beyond φs,
1
τn
does not. It has recently been proposed that
〈∆θ2(t)〉, and consequently Dθ, are overestimated due to the liberational motion of particles
within cages [19]. While this will result in an enhanced breakdown of the SED relation, the
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striking correlation observed between the decoupling of Dθ with τα and the morphological
changes of DH leads us to conclude that Dθ remains a reasonable measure of orientational
dynamics. Turning on short-ranged attractive interactions, melted the glass and allowed us
to access the translational and orientational dynamics even for deep supercooling. Although
earlier studies, on the same system, have provided clear evidence for the presence of DH [22],
these heterogeneities continue to remain string-like and consequently both DT and Dθ stay
coupled to τα. These observations further provide the first experimental confirmation of the
validity of the SE relation along the A3 singularity, a scenario that has remained untested
even in supercooled liquids of attractive hard spheres.
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(a)
(b)
(c)
(f)
(d)
(e)
FIG. 1: (Color online). (a) Variation of the stretching exponent, β, obtained from fits to L2(t), with
φ. (b) Distribution of ∆θ, over t∗ for φ = 0.49 (hall-filled circles) and φ = 0.76 (half-filled squares).
The dotted lines in (b) are Gaussian fits to P (∆θ). (c) Orientational diffusion coefficient, Dθ,
and inverse of the nth-order orientational relaxation time, 1/n2τn, versus the structural relaxation
time τα. The lines in (c) show τ
−1.4
α (solid and dashed lines) and τ
−0.9
α (dotted line) dependencies.
Clusters of top 10% orientationally most-mobile particles for (d) φ = 0.76, (e) φ = 0.79. In (d)
and (e), the colors correspond to distinct clusters. (f) Distribution of orientationally fast nearest-
neighbours for a orientationally fast particle P (NN θ) for different φs.
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(a)
(c)
(b)
(d)
FIG. 2: (Color online). (a) Translational diffusivity DT versus the structural relaxation time τα.
The lines in (a) show τ−1.8α (solid) and τ
−0.7
α (dotted line) dependencies. The vertical dashed
line represents the dynamic crossover area fraction φTs = 0.68. (b) Most probable number of
translationally fast nearest-neighbours for a translationally fast particle P (NNT ) for different φs.
Clusters of top 10% translationally most-mobile particles for φ = 0.76 (c), φ = 0.79 (d). In (c) and
(d), the colors correspond to distinct clusters.
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(a)
(b)
θ
FIG. 3: (Color online). (a) Orientational diffusion coefficient Dθ and inverse of the nth-order
orientational relaxation time, 1/n2τn versus the structural relaxation time τα. The lines in (a)
show τ−1.3α dependencies. (b) Most probable number of orientationally fast nearest-neighbours for
a orientationally fast particle P (NN θ) for different φs. (c) Translational diffusivity DT versus τα.
The solid line in (c) shows τα
−1 dependency. (d) Most probable number of translationally fast
nearest-neighbours for a translationally fast particle P (NNT ) for different φs.
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